An NADH-dependent acetoacetyl-CoA reductase from Eugkna gracilis variety baillaris was extensively purified and characterized. Two different isoelectric forms of the reductase with identical characteristics otherwise were found. The reductase was noncompetitively inhibited by acyl carrier protein, Ki 5.6 micromolar at pH 5.4; this inhibition decreased with increasing pH or ionic strength. Coenzyme A was a competitive inhibitor, K; 230 micromolar. Kinetic parameters with respect to acetoacetyl-CoA and NADH were sensitive to changes in pH and ionic strength.
Euglena gracilis, a phytoflagellate, adapts readily to heterotrophic or photoauxotrophic growth depending upon the nutritional opportunities of the environment. Within the metabolic complexity of the organism, diverse means of controlling the function ofenzyme pathways must exist. There is, however, little information concerning the metabolic intercalation of the major nutritional modes of Euglena at the molecular level. From other organisms, clues to the control of metabolism, other than allosterism, at the level of enzyme activity are emerging. Both pH (8, 27) and ionic strength (27) changes may be important controls of biological activity.
The presence of different de novo fatty acid synthetases some of which function in different developmental stages of the organism exemplify the metabolic diversity of Eluglena (4, 9) . ACP2 is centrally involved in lipid metabolism. As a substrate carrier in Euglena fatty acid biosynthesis (13, 26) , ACP interacts with many different enzymes; perhaps it may interact in a regulatory capacity under appropriate conditions. This report describes the purification of an NADH-dependent acetoacetyl-CoA reductase the characteristics of which include inhibition by ACP under certain conditions of pH and ionic strength.
MATERIALS AND METHODS
Reagents and Materials. Escherichia coli were from Grain Processing Corp., Muscatane genase and ,B-hydroxybutyrate dehydrogenase were from Sigma. NADH, CoA, acetoacetyl-CoA, and NADPH were from P-L Biochemicals.
Enzyme Assay. The enzyme assay included the following substances in a final volume of 800,ul: acetoacetyl-CoA, 200 ,m; NADH, 250 uM; Mes, 0.1 M (pH 5.3); BSA, 50 1Ag; and enzyme.
Reactions were done at 30°C. After a 5 min incubation, reactions were started by adding enzyme in a volume of 10 01 or less when kinetic parameters were being measured. The absorbance decrement at 360 nm was measured in a Cary 118C. A unit ofenzyme activity was 1 nanomole NADH oxidized/min. The mm extinction coefficient of NADH in 0.1 M Mes (pH 5.2) at 360 nm was 4.283. Enzyme Preparation. Euglena gracilis variety bacillaris were grown in the light, harvested, and stored as described by Boehler and Ernst-Fonberg (2) . Purification of the enzyme was done at 4°C. Protein was determined by the method of Bradford (3) or by the absorbance method of Scopes (20) . For ACP, protein was measured by amino acid analysis after hydrolysis for 24 h at 105C in vacuo (15, 25) .
Thawed cells, 60 g, were suspended in 60 ml of 0.1 M Tes (pH 7.2), 0.2 M sucrose, 0.002 M DTT, 0.15 M NaCl and broken with ultrasound. The mixture was centrifuged at 100,OOOg for 1 h, and the supernatant solution was collected. The enzyme solution (91 ml) was chromatographed on a 500 ml column of Bio-Gel A-l 5m equilibrated in and eluted with cell-breakage buffer. Fractions of 10 ml were collected. The reductase activity was associated with the second peak of A at 280 nm. Fractions containing reductase activity were pooled and applied to Matrix Gel Red A (Amicon), 6 to 10 mg protein/ml gel, equilibrated in 0. 01 (14) .
RESULTS
Protein Purification and Characterization. The purification of NADH-dependent acetoacetyl-CoA reductase activity is summarized in Table I . Two distinct peaks of activity were eluted repeatedly at pH values 8.8 and 8.2 from the chromatofocusing resin ( Fig. 1) . The proportioning of reductase activity between the two pI forms varied somewhat among preparations. The isoelectrically different reductases were purified separately subsequent to their separation by chromatofocusing. The pI 8.8 reductase has been more extensively purified and studied than was the pl 8.2 form.
Both pl reductases processed through hydroxylapatite were extensively purified relative to the crude material; this is evident from Table I . The enzyme activity became somewhat unstable to handling and storage upon purification beyond hydroxylapatite chromatography. Enzyme purified through hydroxylapatite adsorption was stable and most suitable for use in enzyme-kinetic experiments. Purification of both pl species through the penultimate step, ACP-ligand affinity chromatography, resulted in very similar peptide patterns ( Fig. 2) upon electrophoresis under denaturing conditions. Both preparations with Coomassie blue staining exhibited major peptides of approximate Mr values 59,000, 37,000, and 36,000, lanes d and e in Fig. 2 ; the pI 8.2 Figure 3A where the inhibitory effect of increasing MgCl2 concentration is evident. The (S)/v versus (S) pattern was a series of parallel lines characteristic of competitive inhibition. Secondary plots (Fig. 3, B and C change in the ionization of the free enzyme between pH's 5.3 and 6.9 (Fig. 4) . Plots of both log VaPP and PKACOA versus pH gave rise to downward and upward bends, respectively, indicating ionization of ES complex (10) . These findings indicate that the pH sensitivity is not due to a group responsible for binding between the substrate and enzyme. The implicated ionizable group may be one essential for the catalytic mechanisms that would function only after the ES complex had formed.
ACP inhibition of the reductase with respect to acetoacetylCoA at different fixed concentrations of ACP gave an (S)/V versus (S) pattern that was a series of lines intersecting on the abscissa (Fig. 5) . This pattern is indicative of noncompetitive inhibition, a special case of mixed inhibition in which K, and K,' are equal. Secondary plots of both l/VIPP (Fig. 5, inset) and KaApP oA/VaPP were linear and gave a Ki of 5.62 Mm. Similar values for K, were gotten from graphs of (S)/v against (I) (5) or plots of 1/v versus (I) (10) . ACP inhibition might be expected if acetoacetyl-ACP was a substrate for the enzyme, although inhibition by another substrate would be expected to be competitive. Chemically prepared acetoacetyl-ACP did not serve as a substrate for the enzyme although it inhibited reaction in the presence ofacetoacetyl-CoA. Since chemical synthesis may have modified the ACP so that the acetoacetyl-ACP could not function as a substrate for the enzyme, the nature of inhibition, if any, by CoA was examined with respect to acetoacetyl-CoA in order to compare it to ACP inhibition. CoA inhibited the reductase but not like ACP. The (S)/v against (S) plot was a series of parallel lines, the pattern of competitive inhibition (Fig. 6) . A graph of (S)/v versus (CoA) (5) gave parallel lines also indicating linear competitive inhibition.
When K'Ap.'~OA/VaPP was plotted (Fig. 6, inset) , a K, of 230 JM was found. A similar value was obtained from a plot of l/v against (CoA) (10) that also was linear. The slope of the latter graph is (K'ZCoA/VaPPKJ (1/S). A replot of the slopes versus the corresponding 1/(S) values was a straight line through the origin; the K, obtained from the slope was the same as above.
Initial Velocity Studies of the pI=8.8 Reductase with Respect to NADH. At assay pH 5.4, ionic strength 13 mM, and acetoacetyl-CoA constant at a concentration of 2 x K'ApCOA, the Km for NADH was 104 Mm. Substrate inhibition was seen with NADH at concentrations above 200 iMm; all NADH kinetic data, were obtained in concentration ranges where it was shown that inhibition was not occurring. The effects of ionic strength on NADH kinetics were unremarkable between ionic strength of 13 and 90 mm. The effects of pH on NADH kinetics were not nearly so pronounced as the effects of pH on acetoacetyl-CoA kinetics; KNADH was practically invariant between pH values 5.4 and 6.9.
VaPP decreased as pH increased. The effect of ACP on NADH kinetics was identical to its effect on acetyacetyl-CoA kinetics; it behaved as a noncompetitive inhibitor with a Ki of 4.52 uM at pH 5.4, ionic strength 13 mM.
DISCUSSION
Enzymes that have well defined metabolic roles and use NAD' cofactors to go between acetoacetyl-CoA and L(+)-3-hydroxybutyryl-CoA are associated with cellular particulate fractions. These include the fatty acid a-oxidation enzymes which are bound to mitochondria and peroxisomes and a malonoyl-CoA independent fatty acid synthetic system from Euglena mitochondria (16) rabbit mammary tissue that synthesizes butyrate from acetylCoA by reversal of (-oxidation contains an NADH-dependent acetoacetyl-CoA reductase of undefined (3-hydroxybutyryl-CoA stereospecificty (19) . An NAD+-linked acetoacetyl-CoA reductase, stereospecific for L(+)-3-hydroxybutyryl-CoA was purified from the bacterium Zoogloea ramigera (21) . This enzyme also will use NADPH but less effectively than NADH. The physiologic role of the latter enzyme is not clear. A soluble system that synthesizes fatty acids from acetyl-CoA, requires ATP and NADH, and is insensitive to avidin was described in Euglena (4). The stereospecificity of(-hydroxyacyl intermediates was not determined nor has any further investigation of the system been reported.
Fatty acid biosynthesis from malonoyl-CoA and NADPH in Euglena has been well described (9, 14) . An NADPH-dependent acetoacetyl-CoA reductase has been isolated from soluble extracts of light-grown Euglena. This enzyme generated D(-)-3-hydrox- The activity of the enzyme in the presence of ACP could be more finely manipulated in response to the pH of the microenvironment compared to the effect on enzyme activity obtained by changing pH without ACP being present. ACP in essence amplifies the effect of changing pH on enzyme activity. Changes in catalytic properties of enzymes in response to pH have been argued persuasively to be physiologically relevant in some instances (8) . Also, protein-protein interaction is influenced by pH, and sometimes this may be of regulatory importance (27) . ACP with its central role in lipid biosynthesis interacts with many proteins. A current generalization about protein structure is that a variety of structural domains are conserved through evolution and recur in diverse proteins (11, 22) . In this vein, perhaps proteins that interact with ACP all possess a common ACPbinding domain. These would include the lipid biosynthetic enzymes where ACP functions to present substrate, but they also could include enzymes where ACP may exert a different function through its binding. Increasing ionic strength also inhibited the NADH dependent reductase noncompetitively. With a K1 of 3.0 mM, MgCl2 was more than 500-fold less effective compared to ACP as an inhibitor. Nevertheless, the susceptibility of the enzyme to inhibition by either ACP or ions seem to stem from a similar mechanism. Both led to noncompetitive inhibition and the ionic strength inhibited enzyme could not be further inhibited by ACP. Alternatively, the effects could be coincidental in that the ionic strength or pH changes were affecting the ACP conformation and/or ionization and thereby its interaction with the enzyme.
In conjunction with the lack ofunderstanding ofthe metabolic role of the Euglena soluble NADH-dependent reductase, the question arises of the significance of its great sensitivity to ACP. Possibly the enzyme could be a component of the avidin-insensitive soluble system that makes fatty acids from acetyl-CoA, ATP, and NADH (4). The ACP associated with the chloroplastassociated Euglena type II fatty acid synthetase could, under appropriate conditions, inhibit the alternative fatty acid synthesizing system, a putative mechanism of metabolic control. Alternatively, along with a racemase, the Euglena NADH-dependent acetoacetyl-CoA reductase could function in instances oflimiting NADPH for classical de novo fatty acid biosynthesis. In conjunction with the uncertainty of the metabolic role of the NADHdependent acetoacetyl-CoA reductase, it is worth noting that the completeness of our understanding of acetoacetate metabolism has been challenged recently (1 
